We report micro-Raman studies of self-heating in an AlGaN / GaN heterostructure field-effect transistor using below ͑visible 488.0 nm͒ and near ͑UV 363.8 nm͒ GaN band-gap excitation. The shallow penetration depth of the UV light allows us to measure temperature rise ͑⌬T͒ in the two-dimensional electron gas ͑2DEG͒ region of the device between drain and source. Visible light gives the average ⌬T in the GaN layer, and that of the SiC substrate, at the same lateral position. Combined, we depth profile the self-heating. Measured ⌬T in the 2DEG is consistently over twice the average GaN-layer value. Electrical and thermal transport properties are simulated. We identify a hotspot, located at the gate edge in the 2DEG, as the prevailing factor in the self-heating. Wide band-gap semiconductor GaN has recently been used to develop heterostructure field effect transistors ͑HFETs͒ for high power and microwave applications.
Wide band-gap semiconductor GaN has recently been used to develop heterostructure field effect transistors ͑HFETs͒ for high power and microwave applications. [1] [2] [3] [4] The large piezoelectric and spontaneous polarization fields occurring in the AlGaN / GaN heterostructures generate a quasitwo-dimensional electron gas ͑2DEG͒ at the heterointerface without doping, and the 2DEG forms the conductive channel between the HFET drain and source ͑D-S͒. With the 2DEG confined within Ϸ10 nm and narrow HFET gate widths, channel current densities can be very high in these devices, leading to significant local Joule heating. This self-heating degrades HFET performance or results in irreversible damage. Thermal management is crucial to the viability of these devices, motivating accurate measurements of self-heating. Figure 1 shows the I -V characteristics of the device studied here; the inset to Fig. 1 depicts the device structure. 5 The Al 0.19 Ga 0.81 N / GaN structure is grown on a 6H-SiC substrate. The device is composed of Ohmic source and drain contacts separated by 5 m and a 2-m-Schottky gate at the D-S center. The 1.5-m-wide "windows" on each side of the gate are used for our micro-Raman measurements. The device gate width is 150 m. We separate the I -V dependence into below and above saturation regions, and demark them with vertical lines at the V D-S values for each V g . These two regions meet where a segment of the 2DEG has become depleted ͑with low carrier density and decreased mobility due to enhanced scattering͒ and drift velocity saturates. 6 Above this voltage ͑II͒ we see the current diminish with increasing V D-S . This decrease correlates with the development of a localized "hotspot" at the gate edge, where the self-heating effect is strongest.
Self-heating effects in these devices can be studied using micro-Raman spectroscopy via shift in the phonon energy ͑E 2 2 for GaN͒. 7 To date, these have been performed solely using conventional visible excitation. Previous studies have exploited visible micro-Raman to laterally map self-heating in AlGaN / GaN HFETs. [8] [9] [10] Because GaN is transparent to visible light, one obtains an average measure of temperature limited by the layer thickness ͑or depth of focus͒, and the focus spot size. In contrast, micro-Raman measurements using near-band-gap ultraviolet ͑UV͒ excitation sample a shallow, near-surface region. For excitation wavelength 363.8 nm, the optical penetration depth is d opt Ͻ 100 nm in GaN, 11 close to the relevant length scale of the HFET active region and 2DEG. These measurements allow us to study the temperature rise ͑⌬T͒ of the HFET 2DEG region. We directly compare our results with micro-Raman measurements of the average ⌬T in the GaN layer using sub-band-gap excitation ͑488.0 nm͒ under identical conditions. The visible measurements allow us to simultaneously obtain ⌬T in the substrate via the SiC phonon shifts. Combined, the UV and visible studies provide us with a temperature depth profile of the structure under varying drive conditions, for which we find no previous report. We support our results with electrical and thermal simulations of the device. Figure 2 shows measured temperature rise ⌬T from room temperature versus input power for the same conditions as in Fig. 1 . The measurements are performed ϳ0.3 m from the gate edge on the drain ͑V ജ 0͒ side; the focal spot is ϳ0.6 m in diameter. In each panel we show the GaN ⌬T measurements using UV excitation, GaN with visible light, and SiC substrate temperature ͑visible͒. Values observed using UV light are consistently two to three times higher than those obtained with visible light due to the fact that the UV probe emphasizes the AlGaN / GaN interfacial region where the local Joule heating takes place. As expected, the lowest ⌬T values in Fig. 2 are for the SiC substrate since it has good thermal conductivity and is attached to a heat sink. We note in each panel a relatively rapid rise in temperature followed by a somewhat slower rise with input power. Our overall thermal resistance from the visible Raman measurements is 10.4± 1.8°C / ͑W/mm͒, in good agreement with previously reported results from similar devices. 10 We have conducted combined electrical and thermal simulations of the device structure. Two approaches are used to simulate the electrical behavior. A 2D finite difference analysis 12 is used to self-consistently solve the Poisson equation coupled with the continuity and Schrödinger equations. 13 The FE analysis includes 1 m thick GaN followed by the Al 0.19 Ga 0.81 N layer ͑Fig. 1, inset͒. Ohmic contacts are used for source and drain regions, and the gate is a Schottky contact ͑1.2-eV barrier height͒. The meshing emphasizes the 2DEG and immediately surrounding layers. The Joule heating density ͑W/cm 3 ͒ is obtained from the simulated electric field and electron density, and using the fielddependent drift velocity.
14 Alternatively, a quasi-2D model was developed predicting HFET dc characteristics and power generation across the gate. The model incorporates Schrödinger-Poisson results for 2DEG density versus gate bias 15 and low-field 2DEG transport results obtained over a limited range of temperatures and carrier densities for our specific device. 5 This model extends into the saturation region with inclusion of a field-velocity expression from Monte Carlo calculations, 16 a "channel length" correction required to accommodate velocity saturation and maintain continuity, 17 and local heating. Above saturation, both methods show the Joule power to be primarily localized to a power peak ϳ0.1 m wide ͑FWHM, averaged through 2DEG depth͒ and located in the 2DEG region at the edge of the gate on drain side. A sample FE simulation is shown in Fig. 3͑a͒ for V D-S =4 V ͑V g =0, P =1.6 W/mm͒. The characteristics of the simulated power peak and the hot-electron processes leading to its formation are consistent with what has been previously described for a GaN HFET. 18 The simulated D-S power density profiles are used directly in our thermal simulation.
For the finite element ͑FE͒ thermal analysis 19 we use the same layer architecture inset to Fig. 1 . Thermal conductivities ͑͒ of GaN are known to depend on dislocation density ͑ D ͒, 20 which varies along the epitaxial growth direction. We divide the GaN layer in our simulation into two layers. The first layer is the 150 nm initial growth region, with = 1.3 W / cm K; the remainder of the GaN has D Ͻ 10 10 cm −2 and =1.5 W/cm K. 20 We take into account the temperature dependence of these values according to Ref. 21 . Since the thin AlGaN plays a minor role in dissipating heat, we employ the properties of GaN. We use =4.9 W/cm K for SiC ͑Ref. 22͒ and ignore its temperature dependence, since the observed ⌬T rise is small. No thermal boundary resistance 23 is used at the GaN / SiC interface. Heat is generated in the simulation by a thin slab at the AlGaN / GaN boundary according to the lateral dependence of the electrical simulation. Figure 3͑b͒ shows the thermal simulation for the drive conditions of Fig. 3͑a͒ . The hotspot is clearly seen near the gate edge. Heat conduction has the expected effect of broadening the hotspot. The vertical line illustrates the micro-Raman probe center. Figure 3͑c͒ shows the simulated ⌬T versus depth along the probe line. We see that a significant temperature decrease occurs in the GaN due to the high thermal conductivity of the SiC. For comparison with the measurements, a volume average is calculated from the simulated ⌬T across the diameter of the microprobe and along the depth of the device. For the UV excitation, the depth average is taken over d opt , 24 while for visible light we average over the full GaN thickness.
Simulations are systematically carried out for several V D-S values at each V g studied. Results for ⌬T are shown as solid curves in each panel of Fig. 2 . We observe distinct heating regions marked by the vertical dashed lines in each panel corresponding to the regions denoted on the I -V dependence in Fig. 1 . The low-power range of region I corresponds to the Ohmic regime of the device and approaching the dotted line, the 2DEG becomes depleted at the drain. For ϳ 1/T, a quadratic dependence is expected in ⌬T versus power across the Ohmic region. The electrical simulations show a gradual increase in the electric field of the hotspot where region I approaches region II. The drift velocity in the hotspot is at its maximum near this boundary. Region II is above saturation, and beyond this point, additional power supplied to the device is dissipated primarily within the hotspot. With the hotspot broadening towards the source 17, 18 ͑i.e., under the gate metal͒ and the thermal gradient increasing, a diminishing fraction of the hotspot lies within the volume sampled optically. Combined, these factors lead to the slower temperature rise with input power in region II ͑see Fig. 2͒ . Visible micro-Raman studies on the source side of the device reveal the bulk-GaN ⌬T to consistently be ϳ50% that observed by the drain, thereby confirming the importance of the hotspot. The lateral temperature decrease is also in good agreement with the FE thermal analysis.
Models incorporating the 2DEG, velocity saturation, and thermal effects have provided excellent agreement with measured temperatures for the surface-2DEG, GaN layer, and SiC substrate regions for a range of AlGaN / GaN HFET drive conditions ͑V D-S and V g ͒. We note that the maximum ⌬T values measured using UV light are very high in comparison to our visible Raman measurements and those previously reported. [8] [9] [10] The simulations project that the immediate hotspot region exhibits a much higher temperature than values obtained in the UV studies. For example, under the highest drive power in Fig. 2͑b͒ , the simulated hotspot ⌬T Ϸ 240°C ͑3.3 W / mm͒ while the UV and visible measurements give 130 and 55°C, respectively, thus illustrating the importance of local heating. Our experimental results, backed by simulations, vitally supplement previous work which suggested rather small vertical temperature gradients. 8 Since prior measurements relied solely on lateral mapping by visible Raman, combined with FE analysis, we conclude that depth profiling provides critical information for understanding self-heating in these high-power devices.
